ABSTRACT The reactions of horse heart cytochrome c with Fe(ethylenediaminetetraacetate)r, Co(1, It has been suggested previously that electron transfer between horse heart cytochrome c and certain inorganic redox agents takes place by an outer-sphere mechanism at the heme edge that is partially exposed at the protein surface (1-3). In a particularly striking example, the calculated protein self-exchange rate constant (k1) based on oxidation of ferrocytochrome c by Co(phen)33+ (phen = 1,10-phenanthroline) has been shown to be in good agreement with the measured value, suggesting that the crossreaction involves a very similar mechanism (2). It should not necessarily be expected, however, that all reagents will have equal access to the heme edge in solution, as examination of structural models reveals that hydrophobic residues surround it. Indeed, the degree of access to the heme edge needs to be determined for a variety of substrates of various sizes, charges, and surface properties.
> Fe(EDTA)P. The reactivity order suggests that the mechanism of electron transfer involves attack by the small molecule reagents near the most nearly exposed region of the heme; this attack is affected by electrostatic interactions with the positively charged protein, by hydrophobic interactions that permit reagent penetration of the protein surface, and by the availability ofr symmetry ligand (or extended metal) orbitals that can overlap with the gr redox orbitals of the heme group.
It has been suggested previously that electron transfer between horse heart cytochrome c and certain inorganic redox agents takes place by an outer-sphere mechanism at the heme edge that is partially exposed at the protein surface (1) (2) (3) . In a particularly striking example, the calculated protein self-exchange rate constant (k1) based on oxidation of ferrocytochrome c by Co(phen)33+ (phen = 1,10-phenanthroline) has been shown to be in good agreement with the measured value, suggesting that the crossreaction involves a very similar mechanism (2) . It should not necessarily be expected, however, that all reagents will have equal access to the heme edge in solution, as examination of structural models reveals that hydrophobic residues surround it. Indeed, the degree of access to the heme edge needs to be determined for a variety of substrates of various sizes, charges, and surface properties.
The purpose of this paper is to present a detailed analysis of the kinetics of the electron transfer reactions of cytochrome c with Fe(CN)O3, Ru(NH3)(j+, Co(phen)33+, and Fe(EDTA)2-(EDTA = ethylenediaminetetraacetate). We shall employ the Marcus theory of outer-sphere electron transfer reactions to compensate for the variation in driving force and inherent reactivity of the reagents. Special attention will be directed to the evaluation of the electrostatic interactions between the protein and each reagent, thereby allowing an estimate to be made of the magnitudes of nonelectrostatic contributions to the activation free energies for the reactions.
THEORY
The Marcus theory correlates the crossreaction rate constant (k12) with the electron exchange rate constants for the two reactants (kil and k22) and the equilibrium constant (K) through the expressions k12 = (klk22Kf)/2 [1] phen, 1,10-log f = (log K)2/[4 log (kilk22/Z2)] [2] where the factor f is quite near 1 for the reactions to be considered here because they have rather small equilibrium constants (Z is the collision frequency) (4) . With the inclusion of adiabaticity factors p, Eq. 1 becomes k12 = pI2(k11k22Kf/ p1Ip22)/2 (4) . For the purposes of this treatment, it will be assumed that the reactions are adiabatic (Plu = P22 = P12 = 1), or at least uniformly nonadiabatic (p122 = PlIP22). Eq. 1 may.
be applied as written, and the predicted kl2 value may be calculated from known values of ki1, k22, and K. In this approach, any deviation of the calculated from the observed values can be attributed to either the protein's or the reagent's undergoing a different activation process than in the self-exchange reaction, or to interaction energies between the reagent and protein which are not cancelled by the interactions in the exchange processes. Alternatively, it may be assumed that the activation process for reagent electron transfer, characterized by the exchange rate k22, is approximately a constant. Under this assumption Eq. 1 can be solved for kI, (the subscript 1 refers to the protein in all formulas). In this treatment the calculated k11 reflects the activation process the protein must undergo as well as any contributions from protein-reagent interaction that are not cancelled by the interactions in the reagent self-exchange; if the protein employs the same mechanism of electron transfer in all reactions, the calculated k1I values should be invariant.
In addition to the inherent energy of activation for the protein, the kj1 value also includes contributions from the electrostatic interactions between the protein and the reagent. An important manifestation of electrostatic interactions is the ionic strength dependence of reactions between ions. The transition 
The often-employed relationship (Eq. 5) results in k = In ko + 2ZZa4 [5] only if all radii are assumed to be equal and the ionic strength is low enough such that 1 [6] Similarly, the three activation free energies, AG12* for the crossreaction and AGII* and AG22* for the two exchange reactions, may be expressed as the sum of a work term and an electrostatics-independent term AG1J* = AG,* + w1 [7] AG22* =AG22* + W22 [8] AG12 AG12 ** + Wa r [ For the crossreaction, the part of the activation energy that is independent of electrostatic effects is expressedt AG12
(AGii** + AG22* + AGr0)/2 -(AG,,* + AG22* + AG120 -wu, + w21-l -W22)/2. [10] [12] Each of the work terms represents the energy required to bring two species from infinite separation to the interaction distance in the activated complex. As the calculation of such terms will prove difficult enough to handle, further refinements, such as protein conformation and charge distribution changes on forming the activated complex, will not be considered. The possible importance of changes in charge distribution and dipolar interactions is documented and should be considered in more detailed calculations (7, 8) .
For simplicity, we shall assume the protein to be a sphere with a totally symmetric charge distribution. The dielectric within the sphere must be lower than that of the medium, but its value is not required (9 where e is the dielectric constant of water (78.3 at 250), r is the distance between the centers of the reagent and protein in the activated complex, e is the charge on an electron and the rest of the quantities are as previously defined (10). Eq. 13 reduces to V = 2R175[ 1+KR+1+K 1R,+R2] [14] when the values of the constants are substituted and r is approximated as the sum of R, and R2.
In order to evaluate Eq. 14, the parameters R and Z must be selected. For the small molecule reagents these values are easily determined from the molecular formula and from x-ray structural data. For a protein of molecular weight Mr, the radius may be estimated from Eq. 15 (11) : R = 0.717 MT"'3 [15] The charge on the protein may be estimated from the amino acid composition, assuming that all of the glutamates and aspartates are ionized, that all of the lysines are protonated, and that arginine is in its monopositive form; it may be further assumed that half of the histidines are protonated. Specific amino Ch6mistry: Wherland and Gray 2952 Chemistry: Wherland and Gray where ko is the rate constant at infinite ionic strength.
RESULTS AND DISCUSSION Application of Eq. 15 to cytochrome c from horse heart gives a radius of 16.6 A (Mr = 12,500); this value compares favorably with the dimensions of the protein from the x-ray structural determination (25 X 30 X 35 A) (12) . The charges on cytochrome c are estimated to be +7.5 and +6.5 in the oxidized and reduced forms, respectively, from the sequence data (12) , which show that there are three aspartates, nine glutamates, nineteen lysines, two arginines, and one histidine (the other two have low pK values); there is a contribution of -2 to the charge from the two propionate groups on the heme, and -1 from the terminal carboxylate group (the amino terminus is acetylated), and the metal site contributes +1 (oxidized) or 0 (reduced). The redox potential of cytochrome c is independent of ionic strength around 0.1 M at neutral pH, with a value of 260 mV (13) . The properties of the four reagents (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) to be discussed in detail are given in Table 1 .
The results of least squares fits of the ionic strength dependence data for the reactions of Fe(EDTA)2T, Fe(CN)63, and Co(phen)33+ with horse heart cytochrome c to Eqs. 4, 5, and 17 are set out in Table 2 . For the latter two equations, the radius is fixed in the calculation. The fits assuming smaller radii are included to represent models in which the site of attack is near the point where the heme edge comes nearest to the surface of the protein. In one case, an active site radius of 2 A is assumed (which includes the lysine-79 amino group, estimated charge +1); a second model takes a somewhat larger site (R = 8 A), which includes lysine-79, a heme propionate, and the iron center (estimated net charges are +2 and +1, respectively, in the oxidized and reduced forms). The pattern that emerges from these and more extensive calculations (S. Wherland and H. B. Gray, unpublished results) is that fits with similar standard errors are obtained regardless of the radius chosen (i.e., as the radius is decreased, the best fit charge also decreases). Eqs. 4 and 17 give similar fits, although the latter usually yields a value of the charge somewhat closer to that predicted from the sequence. The values of the charge calculated from reactions involving protein oxidation are uniformly lower than those for the reduction of cytochrome c, pointing to the reasonableness of the inclusion of the charge on the metal center. The electrostatics-corrected cytochrome c self-exchange rate constants (kllcorr) calculated from crossreaction data (1) (2) (3) 25) are presented in Table 3 heme itself. Any breakdown of th9 assumptions employed in making the kllr calculations will also appear as variations in AG IIcof. One obvious discrepancy is that cytochrome c does not have a totally symmetric charge distribution. That this particular factor should not make much difference is attested to by the small variation in the kll-"r values among the three assumed site models. Deviations from this source, however, are likely to be larger in protein-protein reactions. A more important factor that was oversimplified in the original model is the assumption that the reactions are adiabatic (or uniformly nonadiabatic). Considering adiabaticity to parallel the extent of orbital overlap (for the low-spin heme c center), it is to be expected that reagents with ir symmetry ligand orbitals will promote reaction when they can be brought into position to overlap with the porphyrin ir system. The compromise that must be reached in the activation process can be considered as attainment of the optimal amount of overlap between the heme c and reagent redox orbitals at the minimum enthalpic cost for protein penetration by the reagent.
We turn now to a brief discussion of the expected sources of deviation from strict Marcus theory behavior for the reactions of cytochrome c with the four reagents. The Fe(EDTA)2 ion is the least symmetric of the four, with a hydrophilic side comprised of carboxylates and a coordinated water, and a more hydrophobic region of methylene hydrogens. Penetration of the protein surface would probably occur along the hydrophobic section of the reagent, but the best chance for r overlap involves the carbonyl oxygens in the hydrophilic region; thus it is not surprising that the predicted AGII*coff is highest for this reagent. The second least reactive reagent is Ru(NH3)62+, which is uniformly hydrophilic; however, it possesses relatively expanded dir orbitals, which probably allow efficient electron transfer at longer metal-heme edge distances than for Fe(EDTA)2-. For Co(phen)33+ the hydrophobic nature of the ligands may allow penetration of the heme-edge surface as well as favorable interactions with the porphyrin group itself. Effective ir overlap will only be realized if the porphyrin and a phenanthroline ligand are precisely aligned. As the chelating ligands are held rigidly with respect to each other, the interaction of all three phenanthrolines will contribute to the preferred orientation of the ligand involved in the orbital overlap in the precursor complex; there is no reason to expect that the geometry that provides the most favorable hydrophobic interaction will also provide the best overlap, so some compromise must be reached. In contrast, the problem of the nonbridging ligands dictating the bridging alignment is not as critical in the case of Fe(CN)63-, as cyanide is monodentate and has a cylindrically symmetrical 7r orbital set. Judging from the observation that a very favorable pathway for protein-reagent electron transfer exists, it is quite likely that at least one of the ligands of Fe(CN)63-penetrates the protein surface, thereby allowing direct FeCN-heme r overlap.
To sum up, the reactivity order of substrates, Fe(EDTA)2-< Ru(NH3)62+ < Co(phen)33+ < Fe(CN)63-, is fully consistent with a mechanistic model in which cytochrome c electron transfer involves attack on the positively charged protein at the heme edge. The order may be understood in terms of the activation associated with penetration of the protecting hydrophobic residues at or near the protein surface, and the expected facility of overlap of heme c-reagent redox orbitals.
